The absolute electrode potential : an explanatory note (Recommendations 1986) Abstract -The document begins with the illustration of the most widespread misunderstandings in the literature about the physical meaning of absolute electrode potential. The correct expression for this quantity is then derived by a thermodynamic analysis of the components of the emf of an electrochemical cell. It is shown that in principle three reference levels can be chosen to measure an absolute value of the electrode potential. Only one of these possesses all the requisites for a meaningful comparison on a conmon energy scale between electrochemical and physical parameters. Such a comparison is the main problem for which the adoption of a correct scale for absolute electrode potentials is a prerequisites. The document ends with the recommendation of a critically evaluated value for the absolute potential of the standard hydrogen electrode in water and in a few other protic solvents.
The "electrode potential" is often misinterpreted as the electric potential difference between a point in the bulk of the solid conductor and a point in the bulk of the electrolyte solution (L4) (Note a). In reality, the transfer of charged particles across the electrode/electrolyte solution interface is controlled by the difference in the energy levels of the species in the two phases (at constant T and p), which includes not only electrical (electric potential difference) but also chemical (Gibbs energy difference) contributions since the two phases are compositionally dissimilar (refs. 1,2).
The value of the tjq of a "single" electrode, e.g. one consisting of an electronic conductor in contact with an ionic conductor, is not amenable of direct experimental determination. This is because the two metallic probes from the measuring instruments, both made of the same material, e.g. a metal M1, have to be put in contact with the bulk of these two phases to pick up the signal there. This creates two additional interfaces: a M1/solution interface, and a M1/electrode metal interface.
The experimental set-up can be sketched as follows:
M1 SIMIMI (1) where M is the metal of the electrode under measure, S is the electrolyte solution, M1 is the metal of the "connections" to the measuring instrument and the prime on M indicates that this terminal differs from the other one (M1) by the electrical state only. It is expedient to replace the M1/S interface with a more specific, reproducible and stable system known as the reference electrode. It ensues that an electrode potential can only be measured against a reference system. The measured quantity is thus a relative electrode potential.
For the specific example of cell (1), the measured quantity E, the electrode potential of M relative to M1 (Note b), is conventionally split into two contributions, each pertaining to one of the electrodes: EEM_EM1 (2) EM and EM1 can be expressed in their own on a potential scale referred to another reference electrode. In this respect, the hydrogen electrode is conventionally taken as the universal Note a: This quantity, known as the Galvani potential difference between M and 5, has been defined in ref. 3. Note b: In accord with the IUPAC convention on the sign of electrode potentials, all electrode potentials in this document are to be intended as "reduction potentials", i.e. the electrode reaction is written in the direction of the reduction (refs. 3,4).
Absolute electrode potential (Recommendations 1986) 957 (for solutions in protic solvents) reference electrode for which, under standard conditions, E°(H/H2) = 0 at every temperature (Note c). Since EM as measured is a relative value, it appeals to many to know what the absolute value may be: viz. , the value of EM measured with respect to a universal reference system not including any additional metal/solution interface.
Actually, for the vast majority of practical electrochenilcal problems, there is no need to bring in absolute potentials . The one outstanding example where this concept is useful is the matching of semiconductor energy levels and solution energy levels . However , from a fundamental point of view, this problem comes necessarily about in every case one wants to connect the "relative" electrode potential to the "absolute" physical quantities of the given system. On a customary basis, since the electrode potential is envisaged as the electric potential drop between M and S, the cell potential difference for system (1) is usually written as the electric potential difference between the two metallic terminals: EMi M1 (3) Since three interfaces are involved in cell (1), eqn.(3) can be rewritten as: (4) Comparison of eqn. (4) with eqn. (2) shows that the identification of the absolute electrode potential with (M S) is not to be reconmended because it is conceptually misleading.
Since M' and M are in electronic equilibrium, then (ref.
3):
(4M -) = ('/F -pr/F) (5) where the right hand side of eqn. (6) The two exoressions in brackets do not contain quantities pertaining to the other interfaces. They can thus be defined as single electrode potentials (Note d).
Since eqn. (6) has been obtained with the two electrodes assembled into a cell, it is possible that terms common to both electrodes do not appear explicitly in eqn. (6) because they cancel out ultimately. The relationship between the truly absolute electrode potential and the single electrode potential in eqn. (6) can thus be written in the form (Note e) (ref. 5):
where K is a constant depending on the "absolute" reference system, and EM(r) = -ii/F) (8) may be termed (ref. 6) the reduced absolute potential because E(abs) reduces to E(r) as the expressions for the two electrodes forming a cell are put together and common terms are dropped. Equation (8) readily shows that E(r) is not a directly measurable quantity because neither 1e nor are measurable.
The value of K depends on the reference system chosen. The choice is however not entirely free because it is anyway limited to a few alternatives. Since E can be experimentally defined in terms of the work to take an electron from the bulk of M to the bulk of M1, the potential of each single electrode can be defined in terms of the work to transfer an electron from the bulk of the metal to the chosen reference level. This work can be accomplished Note C: All calculations in this paper refer to the specific condition T = 298.15 K. Note d: In terms of eqns. (2) and (6) it turns out that the experimental relative potential of a given electrode with respect to another does not measure the relative value of the Therefore, two electrodes at the same experimentally measured potential E do not possess the same value of 4t. while the electrons at the Fermi level in the two metals are at the same energy. Two metals in contact (in electronic equilibrium) must have in fact the same electrode potential.
Note e: The reference electrode with respect to which an electrode potential is measured is customarily specified by a short-hand notation in brackets: e.g., E(SHE) where (SHE) stands for "standard hydrogen electrode" or E(SCE) where (SCE) stands for "saturated calomel electrode". In conformity with this usage, it is here recommended to specify the reference state of a single electrode potential in the same fashion: e.g., E(abs) or E(r). All the three single electrode potentials defined above correspond to physically feasible electronic work and are thus in pmnciple amenable of experimental determination. There are however substantial differences in the practical applicability. Case (1) does not reproduce the usual conditions of electronic energy experimental determination (the quantities general ly resulting from experiments are difference in electronic energy between a point inside a phase and a point just outside it, and that between two points inside the same phase). The inadequacy of this reference state for the measurement of absolute electronic energies is better illustrated with specific examples in Appendix A at the end of this document. Case (2) does not correspond to a universal reference state since it depends in fact on the nature of the liquid phase. In fact, E = 0 for a given metal in two different solvents in such potential scale does not mean that the energy of the electrons at the Fermi level of the metal is the same in the two cases. In addition, the experimental determination of the electron work function of a liquid polar phase presents more problems than that of a metal (ref. For electrolyte solutions, this is experimentally achieved by extrapolation to infinite dilu tion, i.e. to the pure solvent.
Note h: The physical meaning of a point close to a phase as a reference level in Volta poten tial measurements has been illustrated in ref. 10 . Briefly, the point is at a distance from the surface such that the charged particle located there is not sensitive to image interactions but is still entirely under the effect of the outer electric potential i due to the presence of free charges on the phase. E(abs) = _ pr/F + x (9) In terms of measurable quantities (refs. 3,10,13), eqn. (9) can be rewritten as:
where M is the electron work function of metal M (Note i) and P is the metal/solution contact (Volta) potential difference. E(M/M)(abs) = (atG°+ jonG°+ ctz+)/zF (11) where the right hand side includes the atomization and the ionization Gibbs energy of M, and the real solvation Gibbs energy of M in the solvent S (real potential of species Mzl. in phase S as defined in ref. E°(H/H2)(abs) = atG°+ inG°+ oS)/p (12) In terms of eqn. (10) , the work function is that of the metal constituting the electrode.
Since this quantity depends on the nature of the metal and on the actual state of its surface, it is expedient to make use of more reliable experimental data by means of a metal conversion. Physical quantities are best known for the ideally polarizable Hg electrode. For the potential of zero charge of this metal it is possible to write:
E0(abs) = ,Hg + g°( 14)
From eans.(l3) and (14) it results:
E°(H/H2)(abs)
The potential of zero charge of Hg is that in the absence of any specific adsorption of ions as measured in dilute fluoride solutions or as obtained by extrapolation to zero concentration of sDecifically adsorbed ions. The last two terms in eqn.(l5) can be obtained by measuring the standard potential difference of the particular cell:
Hg air H(sln) I (H2)Pt (16) Note 1: Unless otherwise stated, the electron work function will be defined in eV throughout. (16) is not detectably affected by the composition of the gaseous atmosphere and the flow rate of the aqueous solution provided the flow rate of the Hg jet is higher than a critical value. This suggests that, under similar conditions, the newly formed surface on the Hg tip can be regarded as being in the same state as in contact with a vacuum. Therefore, the electron work function to be used in eqn. (15) is that of the bare Hg surface. It is to be noted that the determination of the standard value for the Volta potential difference at electrode/solution interfaces necessarily involves some extrapolation to zero concentration of the salt in solution based on model assumptions. If the plausibility of Guggenheim's convention for the activity coefficients of single ionic species (Note j) is accepted, there remains the question of the reliability of the linear extrapolation. More specifically, in Farrell and McTigue' s work, some overestimation of the extrapolated value might be involved in their Fig. 4 because of some apparent concavity downward of the plots. However, it can easily be shown that the resulting uncertainty is not more than 1 to 2 mV, well below the intrinsic inaccuracy in the knowledge of the work function value for Hg (±0.02 eV).
On the basis of the values in Table 1 the recommended absolute potential of the standard hydrogen electrode, as results from both eqns. (12) and (15) Note j: The activity coefficients of the single ionic species of a s-a electrolyte are assumed to be equal to y÷ in the region of validity of the Debye-Hiickel theory.
Note k: It must be stressed that calculations based on eqns. (12) and (15) By means of equations similar to eqn. (13) , it is possible to convert all relat-zve values of electrode potential to the absolute scale. The direct experimental determination of E(abs) is thus needed for only one particular electrode for each solvent. A sketch for the interconversion between electronic energy and electrode potential for electrodes in aqueous solutions is given in Fig. 2 . It is to be noted that the uncertainty in the knowledge of E° (H'/H2) (abs) (±20 mV) by far exceeds the accuracy of most measurements of electrode potentials. Therefore, any convenience in the use of the absolute potential scale is confined to the specific cases when calculations of electronic energy levels are needed. It is not recommended to replace the usual convention E°(H/H2) = 0, e.g. to compile tables of standard electrode potentials.
It is seen from eqn.(19) and Table 1 that the uncertainty in the value of the absolute electrode potential of the standard hydrogen electrode is entirely determined by the experimental accuracy in the measurement of the electron work function of Hg. Any doubt regarding the possibility that the potential of zero charge of Hg could always contain some contributions due to residual adsorption is thus irrelevant because (a) the experimental uncertainty can hardly be as high as ±20 mV, and (b) the independent knowledge of this quantity is actually unnecessary as eqns. (12), (15), (18) This conclusion is corroborated by other indirect experimental evidence. If an electrode is slowly drawn out of the solution, it is possible to measure its work function while in contact with the liquid phase thus in principle determining its absolute electrode potential.
With such a set-up , a value of 4 . 7 V has been found (ref. It is to be stressed that the values of E°(H4/H2)(abs) at temperatures other than 298.15 K cannot be derived from eqn. (19) and the temperature coefficient of the standard hydrogen electrode as measured with non-isothermal cells. Apart from the non-thermodynamic significance of the latter experimental quantity, the arguments given in this paper clearly show that such quantity does not coincide with the temperature coefficient of E°(H/H2)(abs). The latter can be obtained by measuring, for instance, the standard potential difference of cell (16) at various temperatures. Equation (17) then shows that, for that particular cell, the determination of E° (H/H2) (abs) at different temperatures calls for the knowledge of the temperature coefficient of the electron work function of Hg. Experimental data are presently insufficient to recommend any specific value for dE°(H/H2)(abs)/dT. Table 2 summarizes all the relevant quantities. The absolute electrode potential of the standard hydrogen electrode in a non-aqueous solvent S has been calculated by means of eqn. (12) . Values have been summarized in Table 3 . *In all cases but (*), the quantity measured experimentally was ct1-.
Non-aqueous solvents
In (*), it was cx;jg+.
Note 1: It is to be noted that the value of 4.73 V given in the original paper corresponds in fact to the value for the quanity E°(H/H2)(r) as defined by eqn. (8) It is worth stressing that the difference between the values of the absolute potential of the standard hydrogen electrode in two different solvents does not measure the G-tbbs energy of transfer of the proton from one to the other solvent. The relationship between the two quantities is the following:
EO(H+/H)S1(abs) -E0(IP/H2)S2(abs) = cS1 aS2 (20) c4+ ii4+ + FLX (21) where Lii+ is the Gibbs energy of transfer of the proton and 4x is the difference of the surface potentials of the two solvents. The splitting implied in eqn. (21) Let us suppose to have two electronically conducting solid phases, a and 13. Upon contact, electrons flow from the phase (say a) with the lower work function () to that with the higher work function, 4, until -a -
If the charge (electrons) transferred from a to 13 is compositionally negligible and does not affect the electron distribution existing at the surface of the uncharged phases, the experimentally measured Volta (contact) potential difference, recalling (ref.
3) that -( + iP)F, is given by
While is a well defined quantity, it can be shown that values of jP and depend on the relative amount of the two phases. For the electroneutrality, there must always be
For the sake of simplification, let us assume that a and 13 are spheres of radius r. The outer potential is then given by (ref. Fig. 3 shows that the common electrocheniical potential of electrons in the two phases lies exactly in the middle between the two levels of the original work functions.
Let us suppose now that ra = 2r. Electroneutrality must again be fulfilled, but the total charge transferred from a to 13 will be different. In fact = q and = 2qa (7a) Since must always be the same, if we assume that ra is the same in the two cases, it follows that eqn. (2a) can be fulfilled only with qta qt and q?a -q'13 Equation (9b) shows the equality between eqns. (10) and (11) in the text. 
L5°S
Electrode potential of metal M.
Electrode potential of metal M relative to the standard hydrogen electrode.
Electrode potential of metal M relative to the saturated calomel electrode.
Absolute electrode potential of metal M.
"Reduced" absolute electrode potential, i.e. the constant term in EM(abs) has been dropped.
Absolute potential of the standard hydrogen electrode in solvent S.
Potential of zero charge of metal M relative to the given reference electrode.
Standard Gibbs energy of atomization of B.
Standard Gibbs energy of ionization of B.
Real solvation Gibbs energy of B in solution S.
Standard real Gibbs energy of transfer of B from solvent S1 to solvent S2. Dipole potential at the free surface of solution S.
Difference in electric potential between a point in the gas phase close to the surface of metal M and a point in the gas phase close to the surface of solution S in contact with M (Volta or contact potential difference).
Electron work function of metal M, i.e. minimum work to extract an electron from the Fermi level of the uncharged metal M in contact with a vacuum. 
